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Overview: CCS-6, Statistical Sciences Group

e Introduction to CCS-6
— History/Mission/Vision
— People
— Technical Capabilities
— Customers/Projects

e Technical Mini-Briefs

— Reliability of a Complex System,
Christine Anderson-Cook

— Combining Computer Models and Experiments,

Dave Higdon
 Wrap-Up, Dave Higdon
£
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Statistical Sciences Group

History:
Founded as the Statistics Group in 1967, the group will
celebrate its 40t Anniversary in 2007.

Vision:

Achieve excellence in development of techniques for
collecting, analyzing, combining, and making
Inferences from diverse qualitative and quantitative
Information sets such as experiments, observational
studies, computer simulations, and expert judgment.
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Statistical Sciences Group

Mission:

Bring statistical reasoning and rigor to multi-disciplinary
scientific investigations through development, application,
and communication of cutting-edge statistical sciences

research.

Action:
Work in partnerships with scientists, engineers and policy
makers within and outside the Laboratory to solve problems

of national importance.
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Technical Capabilities

* Data Analysis and Computational Statistics

* Theory and Methods for Computer Model Evaluation
* Monte Carlo Methods

* Reliability

* System Ethnography and Qualitative Modeling

* Information Integration Technology

* Uncertainty Quantification, Statistical Bounding

* Design and Analysis of Experiments

* Biological Sciences Applications
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CCS-6 Projects and Customers

* Diverse project/customer base.

* Provide statistical expertise in a variety of
customer relationships.

 Many collaborative projects in both lead
and support roles.

- Los Alamos
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Selected Projects Led by CCS-6

* Design Agency System Point of Contact for Reliability (DASPOC) work for Nuclear
Weapons Program

* Enhanced Reliability Modeling for Nuclear Weapons Program

* Computer Model Evaluation for Weapons Physics for X Division

e Joint Munitions Project — DoD

e Sampling Strategies for BIONET for DTRA/DHS

* Model Evaluation Methods for Procter & Gamble

* Shelf-life Modeling for Formulated Products for Procter & Gamble
* LDRD - Design of Experiment Construction and Assessment

* Institutional Program Development — Design and Analysis of Experiments and
Sampling

e TOW Missile Analyses for Marine Corps Programs
e Ballistic Missile Defense for Missile Defense Agency
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Selected Projects Supported by CCS-6

* Reliability, Statistical Support for ESA Surveillance Team

e  Significant Finding Investigations for the Nuclear Weapons Program

*  Statistical sampling, design, and analysis for W76 Life Extension Program
e  Statistical Studies for CSA MTE

* Biosense for CDC

*  Plutonium Metal Exchange Program

*  Amplified Fragment Length Polymorphisms Studies with B Division

*  Non-Proliferation detection with C-INC

* Remeasurement Database and Propagation of Variance Modeling for Nuclear Safeguards with
NMT

* LDRD - Metabalomic Studies collaboration with B Division

* Biological Risk Assessment Team for Homeland Security led by D-4
* Infrastructure Issues for NISAC, CIP/DSS

»  Statistical analyses for Pit Production for NMT
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Stockpile Reliability Assessment - Summary

e (Goal/Objective: The goal of this project is to develop a
dependable and cost-effective suite of statistical
methodologies and tools to assess the reliability of
weapons stockpiles.

e Approach

— Methodological development

— information integration

— uncertainty quantification with heterogeneous data
— Applications collaboration

— Tool development
— software for rapid development of systems and statistical models

» Los Alamos
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Collaborators and Customers

* DoD
— MCPD Fallbrook (TOW)
— NSWC Corona (RAM, ESSM)
— NSWC Yorktown (AMRAAM)
-~ AMCOM/RDEC (Stinger)

 DOE
— LANL Enhanced Surveillance
Campaign
— LANL Core Surveillance

» Los Alamos
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Group TSMs Involved with Work

e  Christine Anderson-Cook
*  Cheryll Faust
 Todd Graves

e Michael Hamada
* Richard Klamann
*  Andrew Koehler

e Earl Lawrence
 Harry Martz

e Shane Reese

*  Benjamin Sims

e  Scott Vander Wiel
e Alyson Wilson

e Greg Wilson

» Los Alamos
NATIONAL LABORATORY UNCLASSIFIED
EST.1943
T YA Joag)
LA-UR-06-4482 LA LN = o

12 Computer, Computational, and Statistical Sciences Division



UNCLASSIFIED

The fundamental question is how to assess
stockpiles as they change over time.

e Stockpiles change over time due to materials
degradation, life-extension programs, maintenance, use,
and other factors.

* Assessment requires
— the development of system models that capture parts, functions,
dynamics, and interactions
— the integration of multiple data sources, including historical data,
surveillance testing, accelerated life testing, computer model
output, and materials characterization.

P
° II)?:AIamos

NATIONAL LABORATORY UNCLASSIFIED
EST.1943

NYSA
13 LAUR-06-4482 Computer, Computational, and Statistical Sciences Division '



UNCLASSIFIED

The (growing) Challenge

Suppose that we are trying to assess a stockpile that has
— Multiple variants,
— Multiple data sources,
— Distributed expertise,
— Limits on functional testing

and that we want

— A numerical estimate of current reliability and performance based on
individual and group characteristics,

— A prediction of how reliability and performance change over time,
— Uncertainties on the estimates and predictions,
— A system description that captures stockpile environments and use

dynamics.
- Los Alamos
NATIONAL LABORATORY UNCLASSIFIED
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Combine all available information to understand

uncertainties in system reliability and performance.
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e Data is often available
from many different
experiments: flight tests,
component tests,
accelerated life tests.

« GROMIT allows us to
understand what the
data tells us about the
system.

* We also develop
statistical methods to
formally combine the
information into a unified
system reliability
estimate.

LA-UR-06-4482
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GROMIT allows us to combine information from
different experts into an integrated system view.
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Overview of Statistical Model

* Model contains a reliabllity distribution for each
component, as well as how the components are
combined to give system

* For basic model:

— Reliability distribution for each component as a function of age will
be estimated from the data and any expert knowledge that we
wish to incorporate

— Components combine into whole system (serially or with
redundancy to reflect design of system)

e QOther aspects:

— Component reliability will be estimated by using both flight and
component quality assurance measures

— Different variants of systems are possible

» Los Alamos
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Bayesian Analysis

e Capability to easily incorporate expert knowledge about
reliability for individual components, through informative
priors

e Using special-purpose MCMC programming packages,
YADAS :

e http://yadas.lanl.gov
 Control over algorithm choices
 “Solves” broader class of models

* Analysis could also be programmed in other languages
as well (eg. R, S-Plus, WinBugs)

 Computationally quite intensive
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Translation of Data — Full-System Data

* Need to translate flight successes and failures into
Information about the individual components of the

System SN Age (months) Result Failure Mode
LI005EE 110 Failure |Missile Battery Fails in Flight
LJo0sE7 56 SUCCESS
o0sEs a7 SUCCESS
00543 33 SUCCESS
U00B55 91 SUCCESS
LIO0S13 103 Failure Degraded Haoll
L0051 4 41 Failure Hangfire
LOOE0s 74 Failure Unguided Flight
Activity Failure Mode Related Hardware Possible Root Cause
RAM Designation Missile Mot Detected Ship Error in Ship Controls
[From Missile Present Ship, Launcher Error in Ship to Launcher Interface
to ITL (p &-22] Launcher Error in Launcher
Umbilical Error in Launcher to GMRP Interface
RAM Launch [From hdisfire Encket botor ol nwe BBA Throst
Successful Missile Hangfire Canister: Hold Back Latch HEL not retracted
Feady to Llmbilical Dud Rocket Motar RM not fired
Separation] Canister: Squibs Failed Squibs
Ship to Launcher Fiscommunition, Mo Signal
Launcher to Missile (LUmbilical) Open YWires, Failed Umbilical
Launch Cover Eject Fails | Canister Squibs Sqguibs Failed, Covers did not completely separate
Lowe Rk Thrust Rocket kdotar Aged Propellant, Propellant not ignited
Degraded Roll FRocket Motor Lowe R Thrust
_.rf/_)
> Los Alamos
NATIONAL LABORATORY UNCLASSIEFIED
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Activity Failure Mode Related Hardware Possible Root Cause
RAM Designation Missile Mot Detected Ship Errar in Ship Controls
[From Missile Present Ship, Launcher Errar in Ship to Launcher Interface
to ITL (p A-22)] Launcher Error in Launcher
Unbilical Error in Launcher to GMRP Intedface
RAM Launch [Fram  |Misfire Focket Motaor MoLow Rhd Thrust
Successful Missile Hangfire Canister: Hold Back Latch HEL not retracted
Ready to Umbilical Dud Hocket Mator REM not fired
Separation] Canister: Squibs Failed Squibs
ship to Launcher Miscommunition, No Signal
Launcher to Missile (Umbilical) Open Wires, Failed Urnbilical
Launch Cover Eject Fails  Canister Squibs Squibs Failed, Covers did not completely separate
Lowe R Thrust Focket Motaor Aged Propellant, Propellant not ignited
Degraded Raoll Focket Motaor Loww R Thrust
Legend At least one of these failed
S = Success
F = Failure Once a system fails, no info about

PF = Possible Failure
¢ = Status Mot Tested

components in later phases
Specific component failed

P1:Missile Assign 1P2: Wake Up / P3: Launcl P8: Direct Strike
Failure Modes C1 2 C4 5 b Cr C8 27 ) 28 229 C30
Missile Mot Detected d PF PE<I? ! ¢ ! o7 ?/ ? ¢ 7 7
Misfire S 5 5 5 5 5 5 F 5 ? ? ? ?
Hangfire S 5 S 5 S 5 S 5 (? ? ? ? ?
Dud S 5 S S 5 S 5 PF F ? 7 7 ?
Degraded Fitch o = o o = o = o = fy 7 7 ¢
SUCCESS o o o o o o o o o o o o o
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Translation of Data — Component Quality Assurance Data

C1 c2 C4
Lower Upper Lowwver Upper Age Value Upper Spec
Age Walye Spec Spec Age Yalue Spec Spec 1 312 4
1 12.6 10 15 1 1.25 1 2 1 317 4
1 13.1 10 15 1 1.33 1 7
2 13.2 10 15 2 1.51 1 2l o oo 3 gi? j
2 14.1 10 15 2 1.2 ) 2 5 345 4
2 13.4 10 15 2 1.44 1 2 R 4
3 13.7 10 15 3 1.24 1 2
6 148 10 15 - 37 1 2 JEelE =
C1 e Some components may not have
Age Value Lower Spec .
1 123 10 any quality assurance data
1 14.3 10
T 0 e Some components may have
2 11.1 10 .
57 0 multlp_le_ measures
3 103 0 e Specification limits can be Upper
5 142 10 and Lower, Lower Only, Upper Only
s
5 II)?:AIamos
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Integrating Components of Model into Unified Analysis

e To combine the data from these different data sources, we
need an approach that allows flexibility:

/ﬂ

Ability to incorporate expert knowledge of system

There is a considerably variability in how much data is observed for
different pieces of the system

Not all components will have quality assurance data

The specification limits are thought to be approximations of when the
part will fail, but do not necessarily match exactly with the flight data
Observed flight failure modes will not necessarily specify the failure
of every component

There is frequently ambiguity about which component failed during
flight testing

» Los Alamos
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Including full-system data in the posterior distribution

Define p,;, p,;, and p;to be the probability that components
1,2,3 work in the ith test

These are functions of the age of the ith missile and of the
unknown parameters, which we will define later

For a very simple system with 2 components, we obtain
terms like (p4iP,i) < Both components worked
{pli(l'pZi)}"— Component 1 worked, but comp 2 failed
and {1-p;iP,i},— At least one of Comp 1 or 2 failed

For a more complex system, we might obtain
(P1iP2i P3iP4i PsiPei P7iPg)«— All 8 components worked

Or (P1iP2;i P3iP4i (1- PsiPei)) «—] At least one of C5 or C6 failed
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Models for the QA measurements

* Denote the ith component QA measurement by C.. It was taken from
a missile with age A..

e Assume C. ~ N(oy; + B A, v,7): linear regression

* a’s have prior mean to match expected proportion of failures, B’s
should be negative

e Generates normal density terms in the posterior

Praobability Distribution

0.3 0.4
I

0z

0.1

0.0
|

-0.1

Age=0

Standardized X

Probability Distribution
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Comparing Sources of Data

* Both sources of data provide information about the shift of
reliability over time

From QA data, we obtain the From the flight data, we obtain
mean of the characteristic at a proportion of success/failure
each time at each time

0.4

T1: 27 of 32
T2: 31 of 39

0.3 0.4
oz 0.3

0z

0.1

01
Probahility Distribution

Probability Distribution

0o
L

0.0
|

01
-0.1

25 LA-UMR-ULU-440L Standardized =
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Model Analysis Outputs

e Component specific reliability estimates
— For all observed times
— For future times

e System level reliability estimates
— For all observed times
— For future times

e Information about how closely the current specification
limits match what has been observed

— This could be helpful for understanding the actual performance
(i.e. what values of some of the quality assurance measures are
actually associated with failures)

» Los Alamos
NATIONAL LABORATORY UNCLASSIFIED
EST.1943
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Component Reliability Estimates

* For each component in the system, we can obtain
estimates for its reliability at any age

Reliability

Reliability

. | - T T Each component has
<] Some trend in z 2 " Its own summary
.| quality data, : . with potentially
~ | butminimal . Some aging different reliability
&1 observed aging S and precision
) .:; 1:-_] 2::] 3::] 4::] 5l|:| ) 0 10 20 30 4:'.] 50

Ane Age -
- - o —T— It is not uncommon to have
] ] i -"-.-~_-_-..:'.;__;"" S many components showing
° ° \ little or no aging, while
. No sign of g 37 " others are the main drivers
<] anyaging g 3 o of the system reliability

More rapid

S s1 aging
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System Reliability Estimate
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System Reliability at any age is the product of all of
the component reliabilities in a serial system

P(system success) = function of
component reliabilities
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System Reliability for Variants

| \\ Recall for some systems there will
be variants with many common
S —— parts, but some that are different.
- With this approach we can assemble
a system estimate for any collection e
| of components g |
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Current Research

* There are many enhancements to the model which will
make it increasingly flexible for variations in the data. We
are currently working to include:

Incorporating additional system level covariates (e.g., Storage
patterns, usage patterns)

More flexible types of quality assurance data (pass/fail, categorical,
ordinal data)

Incorporating alternate data sources: maintenance, accelerated
testing

Improving global summaries of stockpile reliability

Resource allocation strategies for collecting future data, based on
current understanding of system and cost

- Los Alamos
NATIONAL LABORATORY UNCLASSIFIED
EST.1943
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SF = system flight
CF = component flight

C() NC | us | ons CS = component spec (QA data)

* Modeling system reliability as a function of component
reliability allows for additional sources of data to be
iIncluded

e Extensive simulation study currently being conducted to
help determine which system and data characteristics are
most influential on accuracy and precision

— ;Ionsidered: )

— System complexity | > System characteristics
216 combos| — Pattern of reliability over time
Data distribution

x < — Number of variants /
10 reps — Amount and distribution of data over time
- Amount and distribution of data between different data sources

— Priors (diffuse, informative and correct, informative and incorrect)
8 analyses{

— Different data used: SF, SF CF, SF CS, SF CF CS
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Conclusions (continued)

 There can be important advantages (for both accuracy and precision)
to incorporating the component flight (CF) and component
specification (CS) data

e Collecting component flight data is more beneficial for complex
systems

* Priors need to be carefully chosen to reflect current understanding of
component and system reliability (both diffuse and incorrect
iInformative priors can cause problems)

e Cost considerations for the relative cost of collecting these data
should also be considered when determining which analysis is best

P
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Inference Combining a Physics Model with Experimental Data

Data and simulation model:

5 {EET — —J_ 5

o _— Regression model:
= g § 5 2k p p
E . : " E . y(x) = Bo+ Brr + €
; i i =%
g 3 3 g2
- ]

z 2

1 1

z 4 B B 1o 2 4 & B 1o
drop height (floor) = drop height (floor) =

statistical /sim model:
ylz) =nlz)+d(z)+e

A 2.
nix): i—t} = il

drop time ¥

2 d -3 ] pi
drop height (floor) =

Improved physics model:

n(x,d): ‘:‘;f =—-1- 5’% + €

statistical model:
y(xr) =nlx,0)+0(z)+ €

drop time y

2 4 & ] 1o

drop height (floor) =
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Statistical Framework

A statistical framework allows us to account for observational,
experimental, and model errors

r model or system inputs
0 model calibration parameters
C(x)  true physical system response given inputs =

pricr uncertainty

|
n(x,8) simulator response at = and #.
y(r)  experimental observation of the physical system
d(x)  discrepancy between ((x) and 7(x,8)

may be decomposed into numerical error and bias

yl=h nixa)

X ' e(r)  observation error of the experimental data
| y(x) = ((2)+c(a)
Inference based on posterior y(z) = nlz,0) + 8(z) + e(z)

Uncertainty regarding 6, n, 8 accounted for.

yli'{'jl = ?]li;?, ﬁJ + (5?1($j + 5,5['{'31 + E’f:il’.‘jl

. Los Alamos
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Statistical Formulation

prior uncantainty

vix), T8

o 0.2 0.4 0.6 0.8 1

Observe data y = (7. ....y,)! at input conditions .. .., .
r model or system inputs
) model calibration parameters
((x)  true physical system response given inputs x
n(x,8) simulator response at = and #.
y(r)  experimental observation of the physical system
d(x)  discrepancy between ((x) and 7(x,8)

may be decomposed into numerical error and bias
e(r)  observation error of the experimental data

y(z) = ((z) +e(z)
ylz) = nlz,0) 4+ 6(z) + e(z)
yli'{'jl = ?]li;?, ﬁJ + (5?1($j + 5,5['{'31 + E’f:il’.‘jl
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model or system inputs
model calibration parameters

(%8

true physical system response given inputs
simulator response at x and .

simulator run at limited input settings
n=(n(},0),. ...z, 05)"

treat 7)(-, -) as a random function

use GP prior for n(-, )

y(x)  experimental observation of the physical system
e(x)  observation error of the experimental data

y(z) = ¢(x) + ()
ylz) = n(x,0) + e(x)

nix, 8)

y(x),

» Los Alamos
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Experimental Design to Account for Limited Simulator Runs
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UNCLASSIFIED

Modeling Simulator Response

prior uncertainty posterior realizations of n(x.1)

posterior uncertainty

yix), n(x.8)
nixt

y(x), nix.8)

Again, standard Bayesian estimation gives:

70,10, )|y(x)) o< L(y(x)|n(z,0)) x
m(0) x m(n(-,-))

e Posterior means and quantiles shown.

e Uncertainty in @ and 7)(x, #) are incorporated into the forecast.

e Gaussian process models for 7)(-. -).
- Los Alamos

NATIONAL LABORATORY UNCLASSIFIED
EST.1943

NYSE
39 LA-UR-06-4482 Computer, Computational, and Statistical Sciences Division
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Accounting for Model Discrepancy

prlar LncEralnty

» Los Alamos
NATIONAL LABORATORY
EST.1943

Wi, mixE]

il gx)

posiarion mode! uncaralnty

callorated Torecas:

Again, standard Bayesian estimation gives:

(6, 0, Sply(x)) o< Ly(x)|n(z,d),d(x)) x
m(#) x w(n) x 7(J)

e Posterior means and 90% Cl's shown.

e Posterior prediction for ((x) is obtained
by computing the posterior distribution for
n(x,0)+ é(x)

e Uncertainty in 6, n(x,t), and d(x) are in-
corporated into the forecast.

e Gaussian process models for 7(x,¢) and

o(x)

UNCLASSIFIED
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Certification Issues at LANL

Bombs for super geniuses

() 00 w007 N

detonation implosion nuclear yield

L ®
implosion experiments

*—
sub-critcal experiments

[ O
historical nuclear tests

off-line experiments
materials, equations of state (EOS), high explosive (HE)

time



Example: Spotwelding —

Combining experimental data and simulations
(with Marc Kennedv Univ Sheffield)

LOAD
COPPER FIECTRODFE- H:0 COOLED
LOW ELECTRIC RESISTANCE
HIGH THERMAL CONDUCTIVITY
HIGH
CURiEHT
FAYING SURFACE TOP WORKPIECE
¥
FUSED WELD NUGGET BOTTOM WORKPIECE
INDENTATION / HIGH
C ENT

WORKPIFCE
HIGHER ELECTRICAL RESISTANCE

| LOWER THERMAL CONDUCTIVITY




Calibration of Flyer Plate Calculations to
Observational Data

Visar Velocity Profila

AHugoniot S’ola-\\ High- Pressure
E-lﬂsﬁl:i'f,'

~—~Cyclic Loading,

Cissipation

Plosthic P
Modulus =

Hugoniot e
Elastic =~ ~Fost-Yield
Limit Fiow Spall
~~Elastic Strength
Modulus

TIME —=

e Velocity profile a function of material
constitutive behavior

e Preston-Tonks-Wallace (PTW) model utilized
in calculations to describe stress-strain
relationship

e Calibrate free PTW parameters (7) to
observational data



,Cosmic Calibration.

Dave Higdon, Katrin Heitmann, Charlle Nakhleh,
_ Salman Hablb . B

Los Alamos National Laboratory

SDSS,




We want to estimate fundamental cosmological parameters using
functional data from multiple data sources and simulations
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Our analyses use statistical methods to combine different
simulation codes and observational data

Define problem: identify
data, parameters and
ranges, outputs of
interest, codes

Design simulation campaign
over parameter ranges

\

Do 64, 128, ..., runs of
simulation code(s)

\

Statistical code (GPM) Observed
/ \ data
Response surface Calibration Model Predictive

for simulation code distributions inadequacy distributions




Data, parameter ranges, simulations

A single simulation

e

Log P S
QuickTim ; 1 *‘ “‘%‘?‘;‘ X r?&x ™%
TIFF (LZW) d: o v :
are needed to se A
Log k
Synthetic data were generated
from a “true” cosmology using
- - Calibration parameter ranges

both linear pertubatlon theory Spectral index 081014

and the particle mesh code MC? Hubble parameter 0.5to 1.1
Sigma 8 0.6to 1.6
Omega CDM 0051 to 0.6

Omega baryon 0.02t00.12



log P

Response surface accuracy

holdout response surface fits
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Simulator emulation and sensitivity

Changes In the emulator prediction as each parameter is
varied while holding the others at their midpoint.

Note: 4 and Qp,, have the largest effect on log P

Only o4 has a substantial effect on nonlinear part of the mass
power spectrum (logk < -1)



log P

data: observations & simulations 90% prediction intervals

ol Linear/nonlinear
< i ?*ﬂﬁ.%ﬁﬁf%_
w1 Ainear only

-3.0 -25 -20 -15 10 -05 -30 -25 -20 -15 1.0 -05
0.5

Posterior distribution

02 04 06

log k

Two separate analyses: ‘\
*Using data which lie on the |

linear part of the spectrum -

1

*Using data over the entire s

spectrum
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